Abstract. In birds, several features of male reproductive anatomy vary with the degree of promiscuity and the intensity of sperm competition. We describe the male reproductive anatomy of the Southern Emu-wren (Stipiturus malachurus) and the Striated Grasswren (Amytornis striatus) in the context of sperm competition. Male Southern Emu-wrens exhibited a very low relative testes size of just 0.6% of male body mass, lacked a cloacal protuberance and possessed a relatively small seminal glomera containing an average of just 12.6 × 10 6 sperm. Male Striated Grasswrens exhibited relatively small testes, comprising 1.78% of male body mass, and small cloacal protuberances. The relative size of the seminal glomera was also small and seminal glomera contained an average of 42.5 × 10 6 sperm. When compared with the well-studied fairy-wrens (Malurus) and based on male reproductive anatomy, it appears that emu-wrens experience a relatively low level, and grasswrens an intermediate level, of sperm competition.
Introduction
The reproductive biology and anatomy of a species often reflects competition, both within and between the sexes, for mating opportunities, fertilisation success and control of paternity. For example, in birds, colourful male plumage is often associated with mate attraction (Møller 1988a) , whereas large testes and frequent copulation are associated with fertilisation success and sperm competition, which itself is influenced by the copulation behaviour of females (Møller 1991; Birkhead et al. 1993) . Sperm competition refers to competition between the sperm from two or more males for fertilisation of a given set of ova (Parker 1970) . Extra-pair paternity rates are commonly used as a measure of the intensity of sperm competition (Dunn et al. 2001; Pitcher et al. 2005) and several features of male avian reproductive anatomy vary with the rate of extra-pair paternity and the intensity of sperm competition. For example, species experiencing more intense sperm competition typically have relatively larger testes, cloacal protuberances, seminal glomera, and numbers of stored sperm than those species experiencing lower levels of competition (Møller 1988b (Møller , 1991 Birkhead et al. 1993; Møller and Briskie 1995; Tuttle et al. 1996) .
Emu-wrens (Stipiturus) and grasswrens (Amytornis) are small, insectivorous passerines belonging to the family Maluridae. In Australia, the Maluridae also include the closely related fairy-wrens (Malurus), species known to exhibit high rates of extra-pair paternity and several anatomical and behavioural adaptations associated with intense sperm competition (Brooker et al. 1990; Mulder and Cockburn 1993; Tuttle et al. 1996; Cockburn 1998, 1999; Karubian 2002; Webster et al. 2004; Rowe et al. In press) . Although fairy-wrens, emu-wrens and grasswrens are similar in several aspects of their breeding biology, including social monogamy and facultative © Royal Australasian Ornithologists Union 2008 cooperative breeding (Rowley and Russell 1997; Maguire and Mulder 2004) , rather little is known of the reproductive anatomy of emu-wrens and grasswrens compared to that of the fairywrens (Rowe and Pruett-Jones 2006) .
Three species of emu-wren are currently recognised, all of which exhibit a high degree of habitat specificity (Rowley and Russell 1997) . Emu-wrens are the smallest of the malurids (5.4-7.5 g) and all species are sexually dichromatic, with adult males having a pale-blue chin and throat and females a tawny chin and throat (Rowley and Russell 1997) . In contrast to other malurids, sexual dichromatism in throat colour may be apparent in nestlings as young as 5 days old and is maintained year-round during the breeding and non-breeding seasons (Fletcher 1915; Rowley and Russell 1997; Maguire and Mulder 2004) . In the Southern Emu-wren (Stipiturus malachurus), the one species for which detailed studies have been conducted (Maguire and Mulder 2004) , the frequency of cooperative breeding is low in comparison with other malurids, with only 8% of groups (n = 48) having helpers at the nest. Helpers were always male and were shown to contribute to provisioning of nestlings and fledglings. Maguire and Mulder (2004) also reported the absence of extra-pair courtship displays, low annual survival rates, and the lack of a cloacal protuberance in this species, and suggested that extra-pair fertilisations, and hence sperm competition, might be uncommon. Subsequent microsatellite analysis has shown that extra-pair paternity is indeed low, with just 12% of offspring (n = 50) being sired by extra-pair males, and 15% of nests containing extra-pair young (Maguire 2005) .
Grasswrens are the largest of the malurids (17-35 g) (Rowley and Russell 1997) . Currently, nine species are recognised (Christidis 1999 ) and, in contrast to the bright plumage exhibited by male fairy-wrens and emu-wrens, all species of grasswren are relatively drab and cryptically plumaged. Additionally, females are somewhat brighter than males, having stronger rufous plumage on the flanks and belly (Rowley and Russell 1997) . As in emu-wrens, the frequency of cooperative breeding in grasswrens appears to be low (Noske 1992; Johnstone and Kolichis 1999; Karubian 2001) . Striated Grasswrens (Amytornis striatus) have fairly small cloacal protuberances and low volumes and concentrations of sperm, which suggest low levels of sexual promiscuity and little sperm competition among males (Karubian 2001) . To date, however, there has been no analysis of paternity in the Striated Grasswren or any other species of grasswren.
The aim of this paper is to describe the features of male reproductive anatomy in Southern Emu-wrens and Striated Grasswrens and to discuss these features in the context of sperm competition. Additionally, we discuss the reproductive anatomy of these species with reference to the extreme levels of sperm competition experienced by the closely related fairy-wrens.
Materials and methods
Three male Striated Grasswrens and six male Southern Emuwrens were used this study. Striated Grasswrens were collected from Pooginook and Cooltong Conservation Parks, near Berri, South Australia (34°16′S, 140°35′E), during October and November 2005, and Southern Emu-wrens were collected from the Smiths Lake region, New South Wales (32°22′S, 152°28′E), during October 2006. We trapped birds by herding focal individuals into mist-nets with the aid of playback of song. All individuals were confirmed to be in breeding condition, based upon their behaviour, anatomy and physiology. Upon capture, individuals were weighed using a Pesola spring balance (to nearest 0.1 g), and morphological measurements taken. We measured the length (L) (distance between the cloacal vent and posterior edge of the protuberance, excluding the cloacal tip), width (W) and depth (D) of the cloacal protuberance, and the length and width (at base) of the cloacal tip (if present). Volume of the cloacal protuberance was estimated as (following Tuttle et al. 1996) :
and cloacal protuberance volume index as (following Birkhead et al. 1991) :
Ejaculate semen samples were collected from Striated Grasswrens using standard cloacal massage techniques (Quinn and Burrows 1936; Tuttle et al. 1996; Gee et al. 2004) . We refer to the samples collected as ejaculate samples. Although we do not know how ejaculate samples relate to natural ejaculates, these data provide a comparison to the other closely related species for which similar ejaculate samples have been collected via cloacal massage. Exuded semen was collected in micro-capillary tubes, transferred to micro-centrifuge tubes containing a known volume of Lago Formulation Avian Semen Extender (Hygieia Biological Laboratories, Woodland, CA, USA) and mixed thoroughly. We were unable to collect ejaculate samples from Southern Emu-wrens as they did not have a cloacal protuberance. Following collection of ejaculate samples and morphological measurements, individuals were euthanased via injection of an overdose of pentobarbitone sodium (5 mL per 10 kg) in accordance with animal ethics approval (see below) and under licence to possess a Schedule 4 drug for administration (see below). Use of museum specimens was considered, but suitable specimens of Striated Grasswrens and Southern Emuwrens were limited, and the use of preserved tissue to measure testis weight suffers from several sources of error (Calhim and Birkhead 2007) . In addition, museum specimens cannot provide information regarding numbers or morphology of sperm in seminal glomera and ejaculates.
We dissected out the testes, seminal glomera, and ductus deferens from all birds. We measured length, width and fresh weight of the left and right testis. Relative testes size was calculated as the combined mass of the left and right testis expressed as a percentage of male body mass. For each individual, we also measured length, width and fresh weight of the left and right seminal glomerus. Relative seminal glomera mass was calculated as the combined mass of the left and right seminal glomerus expressed as a percentage of male body mass. To determine the concentration of sperm in the seminal glomera and the total number of stored sperm, we flushed the sperm from each glomerus with a known volume of avian semen extender and stored diluted semen samples in micro-centrifuge tubes. All measurements were made with digital calipers (to nearest 0.1 mm) and all weights determined using an electronic balance (Ohaus Navigator, to nearest 0.01 g).
The concentration of sperm in ejaculate samples and within the seminal glomera was determined using a calibrated Makler counting chamber (Irvine Scientific, Santa Ana, CA, USA). All samples were mixed thoroughly before counting. Ten microlitres of diluted semen (sperm and semen extender) were placed in the counting chamber and the density of sperm cells in each of 10 grid-squares was counted, representing the concentration of sperm (×10 6 ) per millilitre. We replicated the counts using separate aliquots of the diluted semen sample, and calculated an average sperm concentration based on the two replicates. To calculate the total sperm count in an ejaculate sample (Striated Grasswrens only) we corrected the sperm concentration values by the dilution factor, converted this value into a concentration per microlitre, and multiplied the concentration by the volume of the ejaculate. To calculate the total number of sperm stored in the seminal glomera (following ejaculate sample collection) we corrected the sperm concentration values by the dilution factor, converted this value into a concentration per microlitre, and combined the total counts for the left and right seminal glomerus. For the Striated Grasswren, we estimated the total numbers of sperm in the seminal glomera before collection of the ejaculate sample by summing the number of sperm in the seminal glomera and ejaculate sample.
Finally, we measured the total length of ten haphazardly chosen and morphologically normal sperm from each individual using phase contrast microscopy at 100× magnification and an ocular micrometer. Length of sperm was measured using sperm from ejaculate samples in grasswrens and sperm collected from the seminal glomera sperm stores in emu-wrens. We calculated the average length of sperm (to the nearest 0.5 µm) per individual and an average length of sperm for both the Southern Emuwren and Striated Grasswren. 
Results

Striated Grasswren
Striated Grasswrens possessed a bulbous-type cloacal protuberance with a prominent cloacal tip at the ventral edge. Cloacal protuberances were bare, except for a circle of feathers surrounding the cloacal vent (cloacal circlet). As shown by dissection, the cloacal protuberance consisted primarily of the paired seminal glomera. The mean volume of the cloacal protuberance was 94.15 ± 9.5 mm 3 (range 80.4-112.3 mm 3 ) and the mean volume index was 6.25 ± 0.7 mm 3 g -1 . The mean length of the cloacal tip was 3.4 ± 0.4 mm and mean area of the tip was 4.89 ± 1.0 mm 2 . There was a significant negative correlation between male body mass and the volume of the cloacal protuberance (r = -0.99, n = 3, P = 0.047).
The sperm of Striated Grasswrens were typical of passerine sperm, with a total length of 80.1 ± 0.4 µm. The mean number of sperm present in ejaculate samples was 6.6 ± 2.2 × 10 6 and the mean concentration of sperm was 3.7 ± 0.9 × 10 6 sperm per µL -1 . We found no relationship between the concentration of sperm and total sperm counts in ejaculate samples, or between male body mass and concentration of sperm or total sperm counts in ejaculate samples (all P > 0.1). Similarly, there was no relationship between volume of the cloacal protuberance and concentration of sperm, total sperm count in ejaculate samples, or total numbers of stored sperm (all P > 0.1).
The mean mass of the left and right seminal glomera was 0.022 ± 0.004 g and 0.023 ± 0.003 g respectively. The mean mass of both seminal glomera combined was 0.045 ± 0.005 g, representing just 0.24% of male body mass. The average number of sperm remaining in the seminal glomera after collection of ejaculate samples was 35.9 ± 8.2 × 10 6 and the average total number of stored sperm was 42.5 ± 6.1 × 10 6 (seminal glomera sperm count plus ejaculate sperm count). Therefore, an ejaculate sample represented 15.5% of the total sperm available in the seminal glomera. For the left and right testis respectively, the mean length of the testis was 8.4 ± 0.3 mm and 7.9 ± 0.2 mm and the mean width 6.1 ± 0.2 mm and 6.6 ± 0.1 mm. The average mass of left and right testis was 0.16 ± 0.007 g and 0.18 ± 0.002 g, respectively, and the average combined testes mass 0.34 ± 0.01 g, representing 1.78% of male body mass.
Southern Emu-wren
In contrast to the Striated Grasswren, the Southern Emu-wren lacked a cloacal protuberance and cloacal tip. The total length of sperm of Southern Emu-wrens was 75.2 ± 1.1 µm and their morphology was also typical of passerine sperm. The average mass of the left and right seminal glomera was 0.005 ± 0.001 g and 0.006 ± 0.001 g respectively. The mean mass of both seminal glomera combined was 0.01 ± 0.002 g, representing just 0.14% of male body mass. The average number of sperm in the seminal glomera, and thus the total available stored sperm, was 12.6 ± 4.6 × 10 6 . For the left and right testis respectively, the mean length of the testis was 4.3 ± 0.3 mm and 4.0. ± 0.2 mm and the mean width was 3.3 ± 0.1 mm and 3.2 ± 0.07 mm. The average mass of left and right testis was 0.024 ± 0.003 g and 0.021 ± 0.002 g, respectively, and the average combined testes mass 0.045 ± 0.004 g, representing just 0.6% of male body mass.
Discussion
The sperm of passerines have a helical form and a midpiece comprising a mitochondrial helix twisted around the tail (McFarlane 1963 (McFarlane , 1971 ). This basic sperm phenotype appears to be highly conserved in passerines and the sperm of both the Striated Grasswren and the Southern Emu-wren were consistent with this phenotype. In the Striated Grasswren the values of cloacal protuberance volume, sperm concentration and sperm counts of ejaculate samples found in this study generally agree with those reported previously for a different population (Karubian 2001) . In contrast to previous work, however, we found a significant negative correlation between male body mass and volume of the cloacal protuberance, with heavier males having smaller protuberances. The volume of the cloacal protuberance has been shown to correlate positively with body mass in Superb Fairy-wrens (Malurus cyaneus) (Mulder and Cockburn 1993) , but is uncorrelated with body mass in Splendid (M. splendens), Variegated (M. lamberti) and Whitewinged (M. leucopterus) Fairy-wrens (Tuttle et al. 1996) . While the results of our study should be viewed with caution owing to the small sample size, it appears that the relationship between the volume of the cloacal protuberance and body size may vary across species.
Both the cloacal protuberance and seminal glomera of the Striated Grasswren were small in relation to body mass when compared with other malurid species ( Table 1) . The presence of a cloacal protuberance has also been reported in the Thick-billed Grasswren (A. textiles) (Rowley and Russell 1997) . In that species, the volume of the cloacal protuberance is relatively small, with a mean volume index of 6.39 ± 0.9 mm 3 g -1 (n = 4; B. Cale, unpubl. data). The testes of the Striated Grasswren were also relatively small at just 1.78% of male body mass (Table 1) . Additionally, when compared with the fairy-wrens, the mean number of sperm stored within the seminal glomera and the total number of sperm in ejaculate samples of Striated Grasswrens were also relatively low (Table 1) .
The mean number of sperm within the seminal glomera of Striated Grasswrens was, however, comparable to the intermediate values observed in some non-malurid species, including those species exhibiting a larger cloacal protuberance (e.g. Chaffinch (Fringilla coelebs); Sheldon and Birkhead 1994) . The Striated Grasswren, however, had shorter sperm than the Chaffinch (sperm length 252.5 µm; Sheldon and Birkhead 1994) (Table 1 ). The spermatozoa size hypothesis predicts that species with shorter sperm have relatively smaller cloacal pro- (Birkhead et al. 1993) . Comparative studies provide some support for this hypothesis and suggest that sperm length may account for a portion of the interspecific variation in cloacal protuberance size (Birkhead et al. 1993) . Additionally, across species, numbers and length of sperm are often negatively correlated (Parker 1982; Tuttle et al. 1996) . Therefore, the numbers of sperm stored in the seminal glomera of Striated Grasswren may be comparable to values in the Chaffinch because the Grasswren has shorter sperm. The lack of a cloacal protuberance in male Southern Emuwrens has been reported previously (Maguire and Mulder 2004) , and we found the same result in a different population. The Mallee Emu-wren (S. mallee) and the Rufous-crowned Emu-wren (S. ruficeps) also appear to lack a cloacal protuberance (S. Brown and P. Horton, respectively, pers. comm.). In contrast to the other malurids, the relative size of the seminal glomera and the mean number of sperm stored within the seminal glomera in the Southern Emu-wren was very low (Table  1) . Similarly, at just 0.6% of male body mass, the testes of the Southern Emu-wren were also very small (Table 1 ). In fact, the relative testes size of the Southern Emu-wren is among the lowest recorded, with only the Eurasian Bullfinch (Pyrrhula pyrrhula) reported to have a smaller relative testes size (0.29%; Birkhead et al. 2006) .
The fairy-wrens are the closest taxonomic relatives of the emu-wrens and grasswrens. Some species of fairy-wrens have extremely high rates of extra-pair paternity, with up to 95% of all broods containing at least one extra-pair offspring and up to 76% of all offspring sired by extra-pair males (Brooker et al. 1990; Mulder et al. 1994; Cockburn 1998, 1999; Karubian 2002; Webster et al. 2004) . Fairy-wrens appear to exhibit intense sperm competition and consequently, males have several morphological and anatomical adaptations that reflect this intense level of sperm competition (Mulder and Cockburn 1993; Tuttle et al. 1996; Rowe and Pruett-Jones 2006; Rowe et al. In press) . In fairy-wrens the cloacal protuberance, seminal glomera and the numbers of sperm stored within the seminal glomera, the testes, and the total number of sperm in ejaculate samples are all very large in relation to male body mass (Table 1) .
This study provides the first comprehensive description of the reproductive anatomy of male emu-wrens and grasswrens. Two lines of evidence suggest that the intensity of sperm competition in emu-wrens is low. First, the rates of extra-pair paternity reported in the Southern Emu-wren are low, with just 12% of offspring sired by extra-pair males (Maguire 2005) . Second, the relatively small testes, seminal glomera and sperm stores of Southern Emu-wrens and the lack of a cloacal protuberance in each of the three species of emu-wren suggest that male emuwrens are anatomically adapted to low levels of sperm competition. Similarly, the reproductive anatomy of male grasswrens suggests adaptation to intermediate levels of sperm competition (i.e. higher than in the emu-wren but considerably lower than in the fairy-wren species). Consequently, the species of Maluridae appear to experience varying intensities of sperm competition: from low levels in the emu-wrens, low to intermediate in the grasswrens and some fairy-wrens, to extreme levels of sperm competition in other species of fairy-wren. Integrating these data into knowledge of the exact mating systems of species of grasswrens and emu-wrens must await additional detailed paternity analyses and behavioural studies, but we anticipate that such data will confirm our interpretation that emu-wrens and grasswrens represent species at low and intermediate positions on a spectrum of reproductive promiscuity levels, at least in comparison with fairy-wrens.
